In an earlier paper [T. Otsuru et al., J. Acoust. Soc. Am., 125, 3784-3791 (2009)], the theoretical development and concept of ''ensemble averaged'' surface normal impedance were summarized by some of the authors using the math-physical model based on the boundary element method (BEM). This paper elaborates further on past discussions of the measuring method of the surface impedance of materials. First, three materials, namely, 50-mm-thick glass wool, 25-mm-thick glass wool, and 10-mm-thick needle felt, were measured in a reverberation room to compare the absorption characteristics measured using sensors of different types. Measured data show good agreement between the sensor types in the absorption coefficients, while some discrepancies are seen in the impedances. Next, the feasibility of our method in terms of sound absorption characteristics was confirmed using a series of measurements in comparison with the impedance tube method. Finally, the effects of sample size and receiver-to-sample distance are presented both in simulation and measurement for investigating the level of utility in various applications. The resulting absorption characteristics are examined to elucidate an appropriate measurement setting and demonstrate the general utility of the method.
INTRODUCTION
Numerous methods have been proposed to measure the in situ absorption characteristics of materials [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Among those reported in relevant studies, Garai's [1] and Mommertz's [2] are well documented as a standard [11] . However, the geometrical configuration, e.g., materialsensor-source, of the techniques is exposed to the edge reflections of the material under test. Large surfaces are needed; otherwise, the diffraction of edges at low frequencies strongly affects the measured values.
On the other hand, Takahashi et al. originally proposed the measurement of impedance using a twomicrophone technique (pp-sensor) and ambient noise for obtaining the absorption characteristics of porous materials [12] . Several measurements were conducted in various environments to measure the absorption characteristics of glass wool and rock wool. The results showed good repeatability and wide applicability.
Since then, a new method for direct in situ measurement of impedance using a pressure-velocity probe (pusensor [13] ) has been adopted [14, 15] . The small pu-sensor enables the measurement of pressure and particle velocity practically at almost identical points within a few millimeters from the sample surface.
Employing the pu-sensor, in our earlier paper [16] , the concept of ensemble averaged surface normal impedance was given. Several boundary element method (BEM) simulations of glass wool both at normal and at random incidences demonstrated that ensemble averaging decreases the interference effect caused mainly by the specimen's edges. In addition, the results of BEM simulation with the consideration of anisotropy [17] [18] [19] is compared with the measurement result, giving an appropriate expected value for the surface normal impedance of the glass wool.
However, a discussion on different sensors used in measurement methods of absorption characteristics has yet to be embarked upon. Furthermore, only a limited number of experiments have compared the results obtained by our measurement method with ones obtained by conventional method, e.g., the impedance tube method. Furthermore, adequate consideration of the geometrical configuration has not been given in detail.
Aiming toward an efficient in situ measurement method, the authors have conducted measurements and simulations using a pu-sensor to clarify (i) the agreement with the results obtained using a pp-sensor; (ii) the feasibility of the proposed method for the measurement of sound absorption characteristics by comparing the output with the results obtained by the impedance tube method; and (iii) the optimum geometrical configuration such as the sensor height and sample size, for measuring the acoustic behavior of absorptive materials.
ENSEMBLE AVERAGED SURFACE NORMAL IMPEDANCE

Theoretical Description
In a previous paper [16] , ensemble averaged impedance hZ n i was introduced. The concept of this impedance is based on the averaging of pressure, p surf , and particle velocity normal to the surface, u n,surf , measured at the material surface with respect to independent incoherent sound sources distributed as random signals. The following equations can be definitions of hZ n i:
and we expect the two equations to become identical if the system process is ergodic and that statistical randomness is achieved in both time and space. In a practical measurement using digital techniques, Eq. (1b) is easier to apply, and we proposed its use. The process of ensemble averaging was not explained in detail in the previous paper and it is given hereafter.
First, let us assume that pðt; i Þ and u n ðt; i Þ denote, respectively, the sound pressure and particle velocity normal to the surface of sound incidence angle, i close to the surface at time t.
The ensemble averaging of the sound pressures and particle velocities, hpðtÞi and hu n ðtÞi, respectively, in M events, each of which is caused by incident angle i , can be written as
where WðtÞ is a window function with length T w .
Applying the Fourier transform, we have
where ! is the angular frequency of sound and j denotes the imaginary number ffiffiffiffiffiffi ffi À1 p . Then, the transfer function H up ð!Þ between the velocity output to the pressure response for averaged sound pressures and averaged particle velocities in the frequency domain becomes
Here, with the averaging number, N, we express the ensemble averaged impedance as
In the practical measurement, a digital technique with a fast Fourier transform (FFT) was utilized. At this stage, the incident condition for obtaining hZ n i is random and the average value of the impedances over incident angles is derived. Since the evaluation of impedance is not easy compared with that of the absorption coefficient, we employ the following absorption coefficient. Therefore, based on the previous approach of using the pp method in Takahashi et al.'s paper [12] , we followed the equation given below, for the purpose of clarity and simplification, to carry out a simple evaluation of hZ n i.
Here, is the density of air and c is the velocity of sound. Equation (5) was originally used for obtaining 0 (normal absorption coefficient) from Z n,0 (normal impedance at normal incidence, ¼ 0). Here, we use hZ n i instead of Z n,0 to obtain the absorption coefficient for the evaluation of hZ n i, which we call it the ''corresponding absorption coefficient, hi.'' The physical meaning of hi might not be clear yet, but simple evaluations of hZ n i can be carried out, and if the material is locally reacting, hi ¼ 0 holds. However, there might be some distance, d, between the material surface and the sensor because of sensor's physical size. Detailed discussion and effects of the difference attributable to d are given in Sect. 4.1. Figure 1 portrays the locations of the sound sources, receiving point, and specimen under test and the apparatus used in the following measurements. In the past, some authors proposed an in situ measurement method using a pp-sensor for obtaining the absorption characteristics of porous materials at field incidence using ambient noise [12] . If the noise is insufficient, then a supplemental sound source can be added to improve the signal-to-noise ratio. The measured impedance can be expressed as
Measurement Conditions
where k is the wavelength constant. As depicted in Fig. 1 (i), the transfer function H abEA between the sound pressure at two microphones p a and p b was measured. In the following investigation with the pp-sensor, we simply express Z EA as hZ n i. Hereafter, two 1 2 -in. microphones (4190; Brüel & Kjaer) are used to measure the sound pressure in the setup with the space l between two microphones equal to 13 mm and d equal to 10 mm. The standard switching technique for eliminating the amplitude and phase mismatch is used to calibrate the relative sensitivities of their respective microphones [20] .
Then, if a 1 2 -in. pu-sensor is applied to the method instead of a pp-sensor, it can be located at the same position as mic. b, as illustrated in Fig. 1 (ii). To simplify the sound field condition, the measurements are conducted in a 168 m 3 reverberation room with nonparallel walls at the Computing Center of Oita University. Prior to the measurement with the pu-sensor, calibration using an acoustic tube of 10 cm diameter is conducted within the frequencies of 100 to 1,200 Hz [21, 22] .
In the reverberation room, six loudspeakers (FE-103; Fostex) mounted in small boxes were distributed at the corners and on an edge to radiate incoherent pink noises, which were filtered to eliminate unnecessary frequency components and to examine the 100 to 1,500 Hz range specifically. A subwoofer (SX-DW77; JVC) was also added to increase the low-frequency energy roughly less than 200 Hz.
Both sensors were placed at the center of the specimen. The sensor's outputs were plugged into a 2ch FFT instrument (SA-78; Rion Co. Ltd.). The FFT resolution was set to 1.25 Hz, and a Hanning window, WðtÞ, was used with the averaging number, N, of 150.
COMPARISON OF ABSORPTION CHARACTERISTICS WITH THOSE OBTAINED BY OTHER METHODS
Comparison with pp Method
In this section, the results obtained by the proposed method of using a pu-sensor (pu method) in the reverberation room is compared and discussed referring to those obtained by the method of using a pp-sensor (pp method). The methods of measuring absorption characteristics are applied to three specimens: 25-mm-thick glass wool (GW25), 50-mm-thick glass wool (GW50), and 10-mmthick needle felt (NF10). Both sensors' positions are fixed at the center of the specimens of 0:9 m Â 1:8 m in size.
The sound absorption characteristics of GW25 measured by the two methods are presented for comparison in Fig. 2 . The real parts of the impedances exhibit a discrepancy but the agreements are reasonably good between the imaginary parts of the impedances and the absorption coefficients. A similar comparison for GW50, as shown in Fig. 3 , shows slight discrepancies in the real parts of impedances in the frequencies of 100-800 Hz. However, good agreement is apparent in the imaginary parts of impedances and the corresponding absorption coefficients. The absorption characteristics of both methods for NF10 are shown for comparison in Fig. 4 . Although additional discrepancies are apparent in both the real and imaginary parts of the impedances, good agreement is apparent in their absorption coefficients.
The discrepancies between the two methods can be regarded as resulting mainly from differences in the measuring mechanisms: the pp method utilizes the separation technique between the incident and reflected signals, using sound pressures measured at two different points, thus, the distance of the installed upper sensor might be attributed to the discrepancy, whereas the pu method measures both the sound pressure and the particle velocity at almost the same point directly. Moreover, the results shown sequentially in Fig. 4 , Fig. 2 , and Fig. 3 can be explained by the low acoustic resistance of the flow of sound through the specimen surface, causing small discrepancies of acoustic impedance between the pp method and pu method. At this point, the authors conclude that, although certain discrepancies remain in terms of the impedance values, the pu method offers a satisfactorily equivalent hi for the specimens tested by the pp method.
Comparison with Impedance Tube Method
Next, the absorption characteristics measured using the pu method, those described in Sect. 3.1, are compared with those obtained by the impedance tube method (ISO 10534-2 [23] and JIS A 1405). An impedance tube of 10 cm diameter is used with the measurable frequency ranges of 100-1,200 Hz. To provide a compact presentation and to show distinctive differences, all the results are averaged over the frequency range and shown in 50 Hz steps. Considering the differences in the measurement mechanism, we do not expect the results to agree very well. What is important here is to clarify how they agree with or differ from each other before further usage.
A comparison of absorption characteristics for GW25 is given in Fig. 5 . Although the agreement of imaginary parts of impedances obtained by the pu method and the impedance tube method shows a slight discrepancy, greater discrepancy can be seen in the real parts of the impedances. However, the absorption coefficients of the pu method deviate from the results of the impedance tube method, where the maximum dispersion is 0.18 at 700 Hz. Relevant GW50 data for comparison are shown in Fig. 6 . In general, similar tendencies to the normalized impedances of GW25 are observed. A good agreement is obtained in the imaginary parts, whereas, the agreement of real parts shows slight discrepancies in the frequency region below 800 Hz. Furthermore, corresponding absorption coefficients of these two methods show slight deviation, where the maximum dispersion is 0.14 in the frequency region below 1,000 Hz.
Finally, a comparison of NF10 is given in Fig. 7 . On the whole, the discrepancies found in impedances, in both real and imaginary parts, show more deviation than in the aforementioned cases of glass wool in the frequency range below 300 Hz. However, the agreement of the absorption coefficients is good between the pu method and the impedance tube method, with a maximum dispersion of less than 0.05.
The imaginary parts of impedance values obtained by the proposed method give almost identical results to those obtained by the impedance tube method, whereas the real parts of the impedance values and absorption coefficients show greater discrepancies. As mentioned above, the incident condition in the proposed method differs from that in the impedance tube method. However, if a material has impedance independent of the incidence angle, the impedances and absorption coefficients measured by the two methods become identical [16] . In this study, the absorption coefficients of NF measured by the two methods do not differ significantly, while those of GW25 and of GW50 showed more discrepancies. We consider that the degree of discrepancy can be attributed to the incidentangle dependence of the material's absorption and that the proposed method could take account of this dependence. Further investigations including the practical applicability of the measured values are necessary and ongoing.
SENSITIVITY ANALYSIS OF GEOMETRICAL CONFIGURATION
To clarify the effects of the geometrical configuration in the method using the pu-sensor, we numerically simulate the phenomenon by which ensemble averaged impedance is measured, by the procedure described in the previous paper [16] .
We follow Kawai's method [24] to analyze the model. Here, the upper half-space , Cartesian, and polar coordinate systems are shown in Fig. 8 . A point source P s and a specimen with an area of L 1 Â L 2 surrounded by an infinite hard plane are assumed in the model. Initially, point sources are located at 206 equally distributed points on the sphere with ¼ 0{360 deg and ¼ 5{85 deg at 10 deg intervals. Sound pressure and particle velocity are calculated using commercial BEM software (WAON ver. 3.1; Cybernet Inc.) [25] , then hZ n i can be reduced using Eq. (1b). Both pressures and particle velocities are calculated in the frequency ranges of 100-500 Hz at 25 Hz intervals and 500-1,000 Hz at 50 Hz intervals. To realize the plane-wave incidence, simulations are performed with sound sources located 500 m from the center of the specimen (i.e., r ¼ 500 m).
The BEM simulation is designed not for the purpose of direct comparison with measurement but for the purpose of elucidating of the measurement mechanism. Thus, to simplify the problem, the BEM simulation uses a simplified model: (i) the material thickness is set to zero, (ii) the sound propagation of the internal material is omitted and (iii) the modal behavior of the room is not considered. In Figs. 10, 12 , and 14, one of the simulation results is compared with all the measurement results. Although the direct agreement is not very good, it is sufficient to confirm the tendency of the phenomena described above. A series of BEM simulations is conducted to examine the influence of the sensor distance on the resulting absorption characteristics. The sensor position is fixed at the center of the specimen. The BEM settings for sensor distances of 7, 10, and 13 mm are simulated for comparison with the minimum BEM distance setting of 1 mm. The specimen to be analyzed is GW50 with dimensions of 0:9 m Â 0:9 m.
Subsequently, a series of measurements is conducted in the reverberation room under the conditions described in Sect. 2.2 to obtain the effect of sensor distance on the measured absorption characteristics. The receiving point is fixed at the center of the specimen (GW50, 0:9 m Â 0:9 m) with different sensor distances following the BEM settings described above, except for 1 mm. Figure 9 presents comparisons of absorption characteristics obtained using the simulations for GW50. Both the real and imaginary parts of impedances show no significant deviation between the simulated impedances for different sensor distances. However, in Fig. 9(b) , the comparison of absorption coefficients between the cases of d ¼ 1 mm and d ¼ 7 mm reveals slight discrepancies of about 0.02 at frequencies of 650-1,000 Hz. When comparing the absorption coefficients for d ¼ 1 mm and d ¼ 13 mm, higher discrepancies of about 0.04 are found. Nevertheless, the greater the value of d, the more the deviation moves to the upper frequency range.
Moreover, the measured absorption characteristics of GW50 are shown in Fig. 10 . Fig. 10(a) , the discrepancies among measured impedances at different sensor distances are small. However, the opposite behavior to the simulation results is observed in the measured absorption coefficients in Fig. 10(b) , whereby the discrepancies are larger in the low-frequency range. The following complementary aspects might explain these differences: (i) the non-plane waves in measurement because of the dissimilarity of sound source distance settings between the measurement and simulation, (ii) the valid frequency range because of pu-sensor sensitivity in the low-frequency range, and (iii) the modal behavior of the room. Overall, however, the discrepancies found in the lowfrequency range of measurement might be disregarded because the correlation coefficient between the cases of d ¼ 7 mm and d ¼ 13 mm is 0.9989. The investigation using the 1 2 -in. pu-sensor showed that sensor distances of 10 mm AE 3 mm can yield acceptable results. 4.1.2. Long distance (from 10 to 100 mm) Next, the same BEM simulations with sensor distances of 15, 20, 50 and 100 mm are conducted for the same GW50 specimen. Likewise, a series of measurements using the same settings as those in the previous section except for the sensor distances was conducted.
The simulation results of normalized surface normal impedances and corresponding absorption coefficients of GW50 are compared in Fig. 11 . The absorption characteristics for d ¼ 10 mm are presented for comparison with those simulated for d ¼ 15, 20, 50, and 100 mm. The real part of the impedances show good agreement with each other, except for d ¼ 100 mm at 850 Hz and above. However, it might be readily apparent in the imaginary part and the corresponding absorption coefficient that the deviations become higher when d becomes larger.
In Fig. 12 , the tendencies of the measured absorption characteristics of GW50 agree well with those obtained by the simulation. For the resulting absorption coefficient, intensive fluctuations in the frequency range below 800 Hz become highly evident when d ¼ 50 mm and larger, which suggests that the measurement is not effective in this range of sensor distance. In addition, the poor performance at frequencies below 200 Hz can be explained by the influence of reflections originating from the specimen's surroundings. In the BEM simulations described in Sects. 4.1.1 and 4.1.2, even though the sensor distances of 15 and 20 mm showed slight discrepancies compared with d ¼ 10 mm, higher discrepancies can be expected when compared with the d ¼ 1 mm case. Therefore, we recommend d 13 mm as a suitable setting of sensor distance for practical measurement.
Influence of Sample Size
In our former paper [16] , we clarified that ensemble averaging displays no distinct fluctuation in the absorption characteristics owing to the interference whilst larger specimen sizes are needed to avoid the fluctuations in measuring methods with a normal incidence sound source. However, we undertook no specific investigation of the limitations of the proposed method with respect to the influence of edge effects. To apply our method to various practical measurements, the minimum measurable specimen size must be specified.
A series of BEM simulations is conducted to examine the effects of specimen size on the specimen's absorption characteristics. The specimen to be analyzed is GW50. The specimens have areas with Lð¼ L 1 ¼ L 2 Þ ¼ 2:0, 0.9, 0.5, 0.3, and 0.1 m, where the receiving point is placed at the center of each specimen.
A series of measurements is conducted in the reverberation room to obtain the absorption characteristics of specimens using the above-mentioned sound sources. The specimen material was GW50. Specimens of four sizes, L ¼ 0:9, 0.5, 0.3, and 0.1 m, are measured. The receiving point is fixed at the center of each specimen with d ¼ 10 mm.
Comparisons of absorption characteristics obtained by the BEM simulations for the specimens of different sizes are given in Fig. 13 . The simulated absorption characteristics show excellent agreement between L ¼ 2:0 m and L ¼ 0:9 m. When the absorption coefficients for L ¼ 0:5, 0.3, and 0.1 m are compared, it is found that the larger L is, the higher the absorption coefficient becomes. Furthermore, no distinct difference was apparent between the absorption coefficients of L ¼ 0:5 m and L ¼ 0:9 m.
The measurement results are plotted in Fig. 14 . Some discrepancies are apparent in both the real and imaginary parts of impedances, as can be seen from Fig. 14(a) . The resulting absorption coefficients of the measurements are shown in Fig. 14(b) which shows a tendency at frequencies of 200-800 Hz for a smaller specimen size to have a lower absorption coefficient, which corresponds with the simu- lation described above. Although the measured absorption coefficients do not coincide with simulation results for frequencies of 800 Hz and above, the agreement between the absorption coefficients of specimens with L ¼ 0:9 m and L ¼ 0:5 m is confirmed, as found in the simulation. The measured absorption coefficient shows higher discrepancy when L becomes smaller. The discrepancies among specimens of different sizes and the poor performance at frequencies lower than 200 Hz can be regarded as resulting mainly from diffracted waves originating from the specimen edges. However, in the case of glass wool, the effective measured absorption characteristics of samples larger than L ¼ 0:5 m can be obtained by the proposed method. We also confirmed the same findings for the other materials, GW25 and NF10, but we omitted them because of space limitations.
CONCLUSIONS
Several measurements obtained by the pp method and pu method revealed that discrepancies in the absorption coefficients attributable to the sensor, pp or pu, are small. Then, we found that the absorption coefficients of NF measured by the two methods do not differ significantly, whereas those of GW25 and GW50 showed greater discrepancies. We consider that the degree of the discrepancy can be attributed to the incident-angle dependence of the material's absorption and that the proposed method can take account of the dependence.
The investigations showed that sensor distances of 13 mm and below yielded acceptable results when GW50 with a specimen area greater than or equal to 0:9 m Â 0:9 m was measured. Further experimental investigations are now being intensively pursued.
